The RNA chaperone Hfq is a homohexamer protein identified as an E. coli host factor involved in phage Qβ replication and it is an important posttranscriptional regulator of several types of RNA, affecting a plethora of bacterial functions. Although twenty Hfq crystal structures have already been reported in the Protein Data Bank (PDB), new insights into these protein structures can still be discussed. In this work, the structure of Hfq from the β-proteobacterium Herbaspirillum seropedicae, a diazotroph associated with economically important agricultural crops, was determined by X-ray crystallography and small-angle X-ray scattering (SAXS). Biochemical assays such as exclusion chromatography and RNA-binding by the electrophoretic shift assay (EMSA) confirmed that the purified protein is homogeneous and active. The crystal structure revealed a conserved Sm topology, composed of one N-terminal α-helix followed by five twisted β-strands, and a novel π-π stacking intra-subunit interaction of two histidine residues, absent in other Hfq proteins. Moreover, the calculated ab initio envelope based on small-angle X-ray scattering (SAXS) data agreed with the Hfq crystal structure, suggesting that the protein has the same folding structure in solution.
Introduction
Hfq is an RNA chaperone involved in posttranscriptional gene regulation in many bacterial species. Inactivation of the hfq gene in Escherichia coli led to a variety of phenotypes, indicating that this protein is involved in the expression control of several aspects of bacterial metabolism [1] [2] [3] [4] . Hfq has also been implied as an important virulence factor in pathogenic bacteria such as Brucella abortus, Legionella pneumophila, Pseudomonas aeruginosa, Vibrio cholerae and Yersinia enterocolitica [5] [6] [7] [8] and appears to be involved in a type of RNA silencing mediated by sRNA (small RNA) in prokaryotes [9] . sRNAs are noncoding RNAs, usually smaller than 300 nucleotides, involved in posttranscriptional regulation of a variety of cellular functions. Hfq regulates gene expression by several mechanisms: a) it can favor the interaction between regulatory sRNA and its target mRNA, promoting either mRNA stability or degradation depending on the specific target; b) it can change the accessibility of the target RNA to RNAses; c) Hfq binding can promote base pairing between the regulatory sRNA and the target mRNA, leading to either repression or activation of translation [10] .
This protein is widely distributed and belongs to the Sm and Smlike protein family, whose members are able to bind RNA and have a characteristic fold consisting of an N-terminal α-helix followed by five β-strands [11] . Two highly conserved motifs (Sm1 and Sm2) are shared with human spliceosomal proteins [12] . The crystal structures of twenty Hfq proteins from nine different organisms were solved by X-ray crystallography and deposited in the Protein Data Bank (PDB). All structures are homohexamers except that from Methanotermobacter thermoautotrophicum (1MGQ), which crystallized as a homoheptamer. Of these, six models of Hfq (1KQ2 from Staphylococcus aureus, 3GIB and 3RER from E. coli, 3HSB and 3AHU from Bacillus subtilis, and 2YLC from Salmonella typhimurium) are complexed with RNA. Analyses of S. aureus Hfq structure showed that bound RNA interacts with its proximal face and showed the role of the central pore in RNA-binding [13] . In contrast, the homohexamer distal face of E. coli Hfq is involved in complexing poly(A)-RNA [13] . The latter binding mode leads to an increase of RNA stability, unlike the uridine rich RNA bound by S. aureus Hfq [14] . These two structures showed that Hfq can distinguish between different RNAs. The Hfq-U6 RNA complex from Salmonella thyphimurium (2YLC) also reveals a distinct RNA conformation due to a preferred recognition of uridine-rich RNA 3′ end [15] . The recent Hfq65-AU6A-ADP (3RER) complex from E. coli shows a differential binding mode of AU6A, an internal segment of DsrA sRNA. This structure revealed that this specific Hfq substrate interacts simultaneously on the distal and proximal face [16] .
The Hfq sequences from the thermophilic archaeon Methanococcus janaschii (2QTX) and the cyanobacteria Synechocystis sp. PCC 6803 (3HFO) and Anabaena PCC 7120 (3HFN) are less conserved. The Hfq structure from M. janaschii has the most particular features: short α-helix, small diameter, larger negatively charged distal face and a distinct structure of the L4 loop and C-terminus compared with other bacterial Hfqs [17] . In spite of these differences, the Sm fold and protein function are conserved. Hfq proteins from the cyanobacteria Synechocystis sp. PCC 6803 and Anabaena PCC 7120 bind weakly to E. coli RNAs known to interact with Hfq, presumably because of an unusual RNA-binding site and surface charge differences in the binding pocket [18] . Comparison of the crystal structures of P. aeruginosa wild type Hfq and a mutant protein in the histidine of the conserved motif YKHAI (3INZ and 3M4G) [19] showed the importance of intermonomer hydrogen bonds. Another Hfq structural feature is the non-conserved C-terminal. This flexible extension was reported to be not essential for riboregulation [20] . Recently, the importance of this region for the interaction with longer RNA fragments as well as the first structure information about this disordered region in solution by smallangle X-ray scattering (SAXS) was reported [21] .
Thus, additional Hfq structures are necessary to provide details about its chaperone mechanism as well as protein-protein interactions. In this work we report the crystal structure of Hfq from H. seropedicae at 2.6 Å resolution as well as structural aspects of the protein in solution.
Materials and methods

Cloning of the H. seropedicae hfq gene
The hfq gene was amplified from H. seropedicae strain SmR1 (Z78, Sm R ) genomic DNA using the primers NdeI-hfq (5′-CACCGGAGCTCA-TATGAGCAAC-3′) and HindIII-hfq (5′-GGCGTCAAGCTTGCCAGGTAG-3′) which introduced restriction sites (underlined) to allow cloning. The 280 bp DNA fragment was cloned into the vector pCR2.1 and then digested with NdeI and HindIII. This DNA fragment was subcloned into pT7-7 yielding the plasmid pKADO1.
Expression, purification and characterization of the Hfq protein
Hfq was expressed in E. coli BL21 (DE3) carrying plasmid pKADO1 upon induction with 1 mM isopropyl β-D-thiogalactopyranoside (IPTG) for 3 h at 37°C. The purification procedure was based on those described [22, 23] by decreasing the concentration of (NH 4 ) 2 SO 4 (1.5 to 0 M) and NaCl (1.0 to 0.1 M). Fractions containing Hfq were pooled, dialyzed against buffer A (50 mM Tris-HCl pH 8.0 with 100 mM NaCl) with 0.1 mM PMSF and then loaded onto a 40 mL DEAE-Sepharose column (GE HealthCare). The flow-through fraction containing Hfq was concentrated by ultrafiltration (Centricon 5 K, Millipore). Protein molecular mass and homogeneity were determined by gel filtration chromatography on Superose12 HR 10/30 column (GE HealthCare) equilibrated with buffer A.
Protein analyses
Proteins were analyzed by Tricine-SDS-PAGE [24] and Coomassie Brilliant Blue R-250 staining. Densitometric analyses were performed using a Personal Densitometer SI (Molecular Dynamics). Protein concentrations were determined as described [25] using bovine serum albumin as standard. The concentration of Hfq was determined by considering it a hexamer. The expressed Hfq was confirmed by mass spectrometry using tryptic digestion [26] .
Electrophoretic mobility shift assay (EMSA)
The DNA template pUCT7DsrA was linearized with DraI prior to run-off in vitro transcription [27] . The RNA produced was analyzed by 2% agarose gel electrophoresis and the concentration was determined with the Qubit Quant-iT RNA Assay Kit (Invitrogen). The RNAbinding reaction was performed as described [27] . Gels were stained with SYBR Gold (Invitrogen) and images registered using a Biochemi bioimaging system (UVP).
Protein crystallization, data collection and structure analyses
Initial crystallization trials were performed by the sitting drop vapor method diffusion at two protein concentrations (13.0 and 6.5 mg mL − 1 ) on a Honeybee 963 robot (Genomic Solution®) using 544 different conditions [Crystal Screen, Crystal Screen 2 and SaltRx (Hampton), Wizard I, Wizard II and Precipitant Synergy (Emerald Biosystems) and PACT and JCSG (Nextal/Qiagen) kits]. For each condition, 0.5 μL of protein solution was mixed with 0.5 μL of the crystallization solution and equilibrated against 80 μL of the latter. Plates were placed at 18°C and monitored. Hfq was crystallized in fifteen conditions with polyethylene glycol (PEG) as a common precipitant. Crystals were formed in a few days and all of them diffracted, although only one at 2.6 Å resolution [grown in 0.1 M PCB (sodium propionate, sodium cacodylate, BIS-TRIS propane) at pH 7.0 and 25% (w/v) PEG 1500, condition number 16 of PACT]. After cryosoaking with crystallization solution containing 5% (v/v) glycerol, the crystal was mounted in a loop and flash-frozen within a continuous stream of gaseous nitrogen at 100 K. X-ray diffraction data were collected with a Rigaku UltraX-18HF diffractometer equipped with a Mar345 detector using a 2 min exposure time per frame at LNLS (Brazilian Synchrotron Light Laboratory). 304 images with an oscillation angle of 1°were integrated, scaled and merged with the XDS package [28] . Initial phases were calculated using the Phaser program [29] with the E. coli Hfq (PDB code 1HK9) hexamer edited by the program Chainsaw [30] as template. The model was adjusted manually with Coot [31] and submitted to refinement using the program PHENIX [32] for several cycles. The model quality was checked using the PROCHECK program [33] and the molprobity webserver [34] . Structure factors and coordinates have been deposited in the PDB with ID 3SB2.
Small-angle X-ray scattering and low resolution model building
The Hfq small-angle X-ray scattering data were collected using the SAXS2 beamline (wavelength, 1.488 Å) at LNLS using a 2D detector (MAR-165). The experiments were performed at 25°C with a detector to a sample distance of 1534.5 mm and a total exposure time for each scattering pattern of 10 min in 5 frames of 2 min each. Two protein concentrations were tested (0.90 and 4.35 mg/mL). The lower protein concentration was used since a good signal-to-noise ratio from SAXS data measurements, and a non-aggregate pattern was observed. Data were scaled for beamline intensity variations and compensated for the buffer A background scattering with the program FIT2D [35] . The pair-distance distribution function and radius of gyration were calculated with the program GNOM [36] using a maximum diameter of 80 Å. The experimental molecular weight was determined with the program SAXS MoW [37] . Twenty low resolution envelope models were generated with the program GASBOR [38] using an imposed six-fold symmetry and averaged with the program DAMAVER [39] . The superposition of the low resolution and crystallographic models was performed by the program SUPERCOMB [40] . The maximum distance and radius of gyration of the models were calculated by the program CRYSOL 2.6 [41] .
Results
Purification and RNA-binding activity of Hfq from H. seropedicae
Upon expression in E. coli BL21 (DE3), about 90% of the expressed Hfq protein (79 amino acid residues and a molecular weight of 8.8 kDa) was found to be soluble, and a yield of 7.4 mg Hfq per L of culture was obtained (99% purity). Hfq identity was confirmed by Table 1 Data collection and refinement statistics. 37%) . The gel-filtration elution profile showed one symmetrical peak corresponding to 54 kDa, indicating H. seropedicae Hfq as a homohexamer (Fig. 1A) . The purified Hfq protein was active showing RNA-binding activity to E. coli DsrA sRNA (Fig. 1B) .
PDB code 3SB2
Data statistics
Overall structure determination and description
The dataset indexing was initially accomplished in point group 222 but with some distortion and later it became clear that the true point group was 2 yet for the former point group. Therefore the hexamer was not composed of two structurally equal trimers to account for the extra symmetry. Molecular replacement and further refinement indicated that the space group was P2 1 , with one homohexamer per asymmetric unity (solvent content 43.3%). The final 2.6 Å resolution structure model converged to R-work and R-free values of 0.20 and 0.28, respectively. The data collection and refinement statistics are shown in Table 1 .
In the crystal packing, two monomers from one hexamer interact with the pore region of other hexamer through its distal face ( Fig. 2A) , which allowed the refinement of a longer ordered Cterminus for one of them (Fig. 2B) .
Hfq from H. seropedicae has a classic hexameric ring shape (major diameter of 72 and minor diameter of 64 Å) showing, in the crystal structure, a slightly distorted round shape (Fig. 2B) . The ring thickness is 34 Å with the central pore having a maximum diameter of 13 Å. The first eight residues at the N-terminal and the last fourteen residues at the C-terminal are disordered.
The conserved Sm topology in each monomer comprises one Nterminal α-helix (residues 8-19) followed by five twisted β-strands (β1, residues 23-27; β2, residues 30-40; β3, residues 44-48; β4, residues 52-56; β5, residues 61-65) (Fig. 2C) . The longest β-strand (2) forms an arch and passes between the β1 and β3 strands. This topology is present in all available Hfq structures. A hydrophobic core formed by the five β-strands is capped by the α-helix (Fig. 2B) . Five loops connect the secondary structure elements and vary in amino acid sequence, except loop 5. This loop links the β4 and β5 strands whose highly conserved motif YKHAI contributes to the central pore formation in the quaternary structure (Fig. 2B) . On the other hand, the Asn49 residue in the variable loop 4 is in a non-conventional conformation according to the Ramachandran plot. This conformation is maintained by a hydrogen bond between the Asn49 amide and the Val51 carbonyl groups (Fig. 3A) . H. seropedicae Hfq crystal structure also revealed interaction between the His20 and His36 residue side chains that is absent in the other available Hfq structures (Fig. 3B) . These residues located in loop 1 and in the β2 strand, respectively, interact through π-π stacking and could further stabilize Hfq conformation (Fig. 3C). 3.3. Hfq low resolution structure by small-angle X-ray scattering SAXS experiments were performed to characterize Hfq in solution. The scattering curve profile with appropriate corrections was obtained at low protein concentration (0.9 mg/mL) (Fig. 4A) . The calculated radius of gyration (Rg), obtained through Guinier analysis of the scattering data, and maximum distance (Dmax), obtained with the pair-distance function (p(r)), were 2.68 ± 0.01 nm and 8 nm, respectively. Dmax is in agreement with the crystal structure; however, Rg shows some difference due to a poor fit of the experimental X-ray scattering curve to the predicted crystal structure curve, which leads to a discrepancy of 5.31. This discrepancy may reflect the lack of structural information of the disordered residues at C and N-terminuses and their orientations, as the small "hat" observed on the top of the SAXS envelope. A molecular weight of 55.1 kDa was estimated based upon the SAXS curve relative scale method [37] , in agreement with both gel filtration assay and crystal structure.
The best ab initio models were obtained with the imposition of six-fold symmetry constrains into the DAMMIN program calculations. Twenty models were generated with a low discrepancy indicated by the small NSD (normalized spatial discrepancy) of 0.6. The calculated model curve fitted well the experimental X-ray curve with an observed χ value of 1.43. Both structures (X-ray and SAXS) were superposed, thus showing an adequate match (Fig. 4B). 
Discussion
H. seropedicae Hfq was purified using three steps including a heat treatment which improve purification without affecting its activity as shown by the sRNA binding assay. High purity and yield were obtained allowing its crystallization. Hfq crystallized within a few days in several screening conditions. The crystal structure showed the conserved Sm fold observed in all available Hfq structures. Analyses of the structure revealed two interesting characteristics. First, two histidines exclusive to H. seropedicae Hfq were A 90°B Fig. 4 . Small-angle X-ray scattering curve for Hfq. (A) Experimental data (gray circles) overlayed on crystal structure predicted curve (solid line). Upper inset, the distance distribution function. (B) Average ab initio low resolution envelope (gray) superimposed on the X-ray crystal structure (red). The figure was prepared with Pymol [42] .
found to interact by π-π stacking. Second, the particular nature of loop 4, which contains three residues with one (Asn49) in a nonconventional conformation. This residue is conserved in E.coli (PDB codes: 1HK9 and 3GIB) and P. aeruginosa (PDB code: 1U1T) Hfq and is also in a non-conventional conformation, suggesting the importance of such conformation for Hfq activity/stability. These proteins have high structural similarity including a loop 4 with three residues, in contrast to other Hfq proteins which have four residues in loop 4. The crystal packing was also analysed. Amongst the structures available in the PDB, there are two different packing profiles (Fig. 2A) . The first involves the stacking of hexamer faces to form layers whereas the second involves the interaction of one hexamer pore region with the border region of another hexamer, as in the crystals of Hfq from H. seropedicae and P. aeruginosa. SAXS measurements confirmed Hfq as a ring shaped protein with a maximum dimension of 80 Å and Rg of 26.8 ± 0.10 Å. Moreover, the molecular weight (55.1 kDa) estimated by the SAXS curve is in a good agreement with a hexameric structure.
Conclusions
This study describes the first Hfq structure from a non-pathogenic Gram negative diazotrophic bacterium of agronomic interest, and discusses two different conformations of loop 4 observed in Hfq crystallographic structures suggesting an importance for protein function. Furthermore, two histidine residues that occur only in H. seropedicae Hfq form a π-π stacking interaction. The structural envelope in solution suggests that the crystallographic folding is maintained.
